INTRODUCTION
Carbon-based fullerene-like (FL) compounds represent a novel class of thin solid film materials offering remarkable mechanical properties such as resilience and hardness [1, 2] as in carbon nitride (CN x ) [1, 3, 4] and phosphorus carbide (CP x ) [2, 5, 6] . The substitution of C by, e.g., N, P or S [7] in FL compounds promotes defects such as combinations of pentagons [4, 6, 7] , thus leading to bent graphene sheets and crosslinkages resulting from sp 3 -hybridization between the C atoms within the sp 2 -coordinated sheets. The deposition method of choice for these compounds is reactive magnetron sputtering. During deposition, precursors supplied by the reactive gas and species formed by reactions on the C-containing sputtering target or in the deposition chamber (C m X n ; X = N, P, S in our example) become bonded by different likelihood to the various dangling bonds available on the growing film surface, thus determining the formation of the film structure after bonding relaxation.
We developed the Synthetic Growth Concept (SGC) [4, 6, 8, 9] based on the Density
Functional Theory for simulations of film formation during vapor phase deposition aiming to predict the feasibility of new FL compounds and to guide their deposition in order to tailor their properties. SGC treats structural evolution by sequential steps of atomic rearrangement where each step is assigned according to the previous relaxed states. The properties of precursors for a given compound are described quantitatively together with their interaction with the film during formation of solid phases. By its basic concept, the SGC is easily transferable to other inherently nanostructured systems; it has been successfully applied to Si-metal nano-templates for cluster-assembled materials [10, 11] , while its possible application to such different classes of nano-scaled materials as, e.g., silicene clusters (an all-Si analogue of graphene) [12] , or Si-substituted benzenes and their transition-metal complexes [13] is expected to be straightforward.
Within the context of carbon-based thin films, fluorine represents significant interest as a dopant element. Compared to C as well as to N, P, and S, fluorine possesses different bonding properties (more valence electrons) as well as much higher electronegativity and higher chemical reactivity. Consequently, incorporation of F atoms in C matrices is expected to lead to substantial structural changes and to altered properties. Synthesizing polymeric, amorphous or even FL carbon fluoride (CF x ) may lead to a new material as important as Teflon.
Previously, CF x thin films were mainly synthesized by plasma enhanced chemical vapor deposition or reactive RF-sputtering techniques [14, 15] . CF x films with increasing Fcontent (x > 0.25) were found to exhibit an increasingly softer polymeric structure attributed to the higher amount of C-F bonds [14, 16, 17] . CF x films with x < 0.25, on the other hand, exhibit properties such as low friction coefficient, wear resistance combined with moderate hardness as well as biocompatibility [14] .
Recently, we have successfully applied reactive high power pulsed magnetron sputtering (HiPIMS) for the synthesis of CF x (CF x , 0.16  x  0.35) films in an Ar/tetrafluorocarbon (CF 4 ) atmosphere. Because of the increased ion flux, HiPIMS may offer potential to incorporate F firmly into the C matrix. In order to understand and control the process of F-incorporation in CF x films, we carried out SGC calculations to predict and explain the relative stability of precursor species resulting from dissociation of the CF 4 molecules used as a fluorine source. Also some typical structural defects resulting from the incorporation of F atoms in a perfect hexagonal carbon (graphene-like) network were assessed [18] . Such defects clearly distinguish CF x from other carbonbased nanostructured compounds such as CN x [4] and CP x [6] .
The scope of this work is to evaluate and systematize the type of structural patterns arising from the incorporation of F atoms in a graphene-like network. In contrast to recent works dedicated to computer simulations of fluorination of relatively small organic molecules [19, 20, 21] , in our calculations we employ considerably larger graphene-like model systems based on coronene and corannulene-molecules. The nomenclature of four typical structural CF x patterns discussed here corroborates the understanding of the growth mechanism of magnetron sputtered CF x films and provides suggestions how to control the CF x films' structure. In the resulting structural pattern classification the defects in the F-doped graphene-like network are found to belong to one of the following patterns: large ring defects, "branching"-type of graphene-sheet disruption, an "uncomplicated" C-F bond rotation, and an F atom belonging to a ring. We define these CF x structural patterns by applying SGC simulations to a variety of CF x model systems.
Importantly, some of the structural trends determined here by SGC calculations suggest that when the F-content in a CF x film is below ~10 at.%, a close-order FL structure similar to that of FL-CP x [6] can be obtained.
THEORETICAL METHODOLOGY AND COMPUTATIONAL DETAILS
The framework adopted for the present calculations is Density Functional Theory (DFT) mostly within its Generalized Gradient Approximation (GGA) as implemented in the Gaussian 09 code [22] .
A systematic study of a variety of CF x (0 < x < 0.16) model systems (templates) obtained by substitution of C atoms by F atoms in finite graphene-like structures was carried out by geometry optimizations. Similar coronene and corannulene-based graphene-like model systems have been successfully employed for, e.g., modeling the chemical reactivity of graphene [23, 24] ; as well as for addressing FL systems [2, 7] , and graphenelike nano-units [25] .
The changes in the cohesive energy per atom resulting from the substitutional F at C sites were calculated for structural relaxation of a wide diversity of defects expected in doped graphene-like systems [4, 6] employing seven different templates of varying size containing combinations of pentagons, Stone-Wales (SW) defects, and even a tetragon defect.
The cohesive energy per atom (E coh/at ) is trivially defined as the energy required for splitting the considered system into isolated atomic species divided by the number of C (N C ), and F atoms (N F ):
where E total is the energy of the relaxed model system, E i the energy of each species and i represents the index of summation over system's constituent atoms. When a model system evolves by changing its structure and bonding, or by incorporating additional species, the change in its cohesive energy per atom ΔE coh/at is considered: ΔE coh/at = E coh/at (model system after structural evolution) -E coh/at (analogous model system before structural evolution). Since cohesive energies per atom are employed (Eq. 1), ΔE coh/at is meaningful also when new species are incorporated in the model system thus changing the number of the C and the F atoms.
At the DFT level of theory, both the GGA Perdew-Wang exchange-correlation functional (PW91) [26] and the Hybrid B3LYP functional [27] have been employed.
These functionals are known to provide an accurate description of the structure and properties of carbon-based thin films [6, 8] as well as similar covalent systems [28, 29, 30] . The results reported in this work were obtained employing the PW91 exchange correlation functional (and making use of the 6-31G** basis set augmented with polarization functions) while the B3LYP calculations were carried out for comparative purposes.
RESULTS AND DISCUSSION

Structural patterns in CF x
The following finite graphene-like model systems were subject to incorporation of defects by the substitution of a C atom by an F atom with subsequent geometry relaxations: i) coronene and ii) corannulene molecules (Figs. 1a, and 1b, respectively); iii) a double pentagon defect (Fig. 1c) ; iv) a Stone-Wales defect (Fig. 1d) ; v) hexagon network ( Fig. 1e) , and vi) a single pentagon defect (Fig. 1f) . The size of each model system employed here was chosen based on our experience in systematic studies of defects in graphene-like networks [4, 6] , including in CF x [18] and was equal or larger than was used by others for similar material systems and properties addressed at a similar level of theory [31, 32] . In contrast to what happens in other carbon-based compounds where the dopant element differs less radically from carbon in its bonding properties (e.g.,
, CP x [6] , CS x [7] ), in the case of the carbon fluoride most of the aforementioned structural defects do not prevail after geometry relaxations due to breakage of bonds and atomic rearrangements. Consequently, in CF x , instead of discussing pentagons, double pentagons, and Stone-Wales defects, a more appropriate way to address the structural features resulting from F-incorporation in the graphene-like network is to identify prevailing structural and bonding patterns associated with fluorine as a dopant. In this context and by applying the methodology of SGC [4, 6, 8, 9] , we were able to identify the main structural and bonding patterns in CF x.
Geometry relaxations of templates i) -vi) ( Fig. 1 a-e), resulted in a set of CF x structuredefining patterns displayed in Fig. 2 while the cohesive energy gains associated with the formation of these patterns are listed in Table 1 .
The diversity of structural patterns identified in CF x includes: large N-member (N = 8 -12) rings ( Fig. 2 -a1, a2); defects by branching of the model system resulting in formation of carbon chains ( Fig. 2-b1 ), or nano-ribbons ( Fig. 2-b2) ; structures defined by a C-F bond rotation at the edge of a model system (Fig. 2-c1, c2) ; and, a configuration comprising an F atom belonging to a ring ( Fig. 2-d) . Below, these structural patterns are described and discussed in the context of their formation and energetics.
A) Large N-member (N = 8 -12) rings
In CN x [4] , CP x [6] , and CS x [7] , the largest rings resulting from incorporation of dopant atoms in the graphene network are the 7-membered rings, which appear in these compounds only as an inseparable part of a Stone-Wales defect (as illustrated in Fig. 1d ).
In contrast, the bonding of CF x precursors to the film surface favors the opening and stabilization of 8-12 member rings, such as the 9-member ring shown in Fig. 2-a1 . One of the C atoms belonging to this 9-member ring is bonded to an F atom. It is this C-F bond that creates a chemically reactive site in the network and stabilizes the large N-membered ring. As the inset in Fig. 2-a1 illustrates, upon relaxation this C-F undergoes a bond rotation. Thus, in addition to its role for stabilizing a large N-member ring, the C-F bond also works as a seed for a cross-linkage between adjacent graphene sheets. The gain in E coh/at resulting from the opening of the large 9-member ring shown in Fig. 2-a1 , i.e., the stabilization energy of this CF x structural pattern, is ΔE coh/at = 0.405 eV/at.
A clearly distinguishable variant of the large N-member ring defect induced by a C-F bond rotation is observed when a pure carbon pentagon ring is stabilized at the border of the N-member ring and opposite to the C-F bond ( Fig. 2-a2 ). The strain and the curvature induced in the graphene-like network by the C-F bond rotation reduce the energy cost for a pure carbon pentagon defect, making it feasible. The gain in E coh/at resulting from a relaxation of such a particular kind of large N-member ring defect associated with a pure carbon pentagon is 0.190 eV/at. It is noteworthy that while in FL compounds such as CN x [4] , CP x [6] , and CS x [7] , the pentagon defects contain a dopant atom, in CF x , although F atoms are not expected to be incorporated at a regular basis in ring configurations, pentagon defects may still exist. The stabilization of such pure carbon pentagons in CF x is due to an adjacent C-F bond rotation.
B) A defect by branching of a graphene sheet
When the CF x precursors become bonded to the growing film surface, one of the possible outcomes due to the high reactivity and electronegativity of the F atom is a disruption of the graphene-like network by its branching resulting in, e.g., formation of two symmetric arms of carbon chains as shown in Fig. 2-b1 . Such branching introduces an increased reactivity and a less ordered network. ΔE coh/at in this case is 0.383 eV/at (Table 1 ). This cohesive energy gain is only slightly lower than the cohesive energy gain of 0.405 eV/at associated to large N-member ring defects suggesting a comparable prevalence of these two types of defects. The one-dimensional chains resulting from the branching defect, besides being unique to CF x (when compared to CN x , CP x , and CS x ), also bear resemblance with short polymeric chains [33] expected to play a major role in softer CF x films with polymeric character featuring F concentrations above ~25 at.% [18] . However, even if more F atoms are incorporated in the one-dimensional chains resulting from branching, for stochastic reasons it can not be expected that the chain will exhibit any strictly repeating C n F m -unit-cell (where m, n are integers) like in conventional polymers [33] .
Similarly to the case of the large N-member ring defects, the branching defect can be observed in different structural variants. A noteworthy variant of the branching defect is when the event of F atom incorporation induces splitting of the model system in two symmetric arms, but in this case each arm consists in a sequence of single hexagons ( Fig.   2-b2 ) instead of a simple carbon chain. The resulting cohesive energy gain is ΔE coh/at = 0.161 eV/at. There is no particular reason for the two arms resulting from the F-induced branching in Fig. 2-b2 to consist of single hexagons only, making this defect pattern illustrative for any kind of splitting of a CF x graphene sheet in two bent "semi-planes".
This mechanism opens the way for split/bent graphene sheets resulting from branching defects. Such split/bent sheets (in contrast with locally curved sheets associated with, e.g., the pentagon defects, which are frequent in the FL solids [4] ) are another structural feature peculiar for CF x . Bent graphene planes can also cross-and/or inter-sect. Crosslinkings and inter-sections (inter-lockings) of graphene-like sheets have also been observed in FL-CN x [4] and particularly in FL-CP x [6] .
C) C-F bond rotation at the edge of a model system
We define as an "uncomplicated" C-F bond rotation a defect not belonging to the conformation of any large N-member ring defect or to any branching defect (patterns A and B defined above); i.e., we call it "uncomplicated" when the C-F bond rotation is observed independently and not as a feature of any other structural pattern. Typically, such C-F bond rotation is observed at the edge of a model system. The C atom of this C-F (rotated) bond belongs to a hexagon or to a pentagon ring within the graphene-like network ( Fig. 2-c1 ) or, alternatively, it can be externally attached to such a ring ( Fig. 2-c2 ). The "uncomplicated" C-F bond rotation is strongly suggestive for inter-sheet crosslinkages. For the bond rotation defects in Figs. 2-c1 and 2-c2, the ΔE coh/at are 1.001 eV/at, and 0.296 eV/at, respectively.
D) An F atom belonging to a ring
When a CF x precursor (usually a CF dimer) becomes bonded to the dangling bonds available at the film surface a structural configuration which features an F atom belonging to a closed ring can be observed (Fig. 2d) . In such cases, the F atom usually sticks (by ~0.5 -0.6 Å) outside the graphene-like sheet. This configuration can be called "an F atom belonging to a ring" to distinguish it from the three previously described patterns A, B, and C (in which the F atom never participates in a closed ring).
In contrast to all the patterns A, B, and C which, as certified by cohesive energy gains ΔE coh/at in the range of ~0.2 -0.4 eV ( Table 1 but it is also below 0.1 eV/at and thus closer to the thermal energies ~0.04 eV at temperatures (100 -200 °C) typical for the CF x growth environment [18] .
When testing if pattern D can survive structural changes by simulation of structural perturbations and bonding of additional precursors in its vicinity, the energy barrier of ~ 0.08 eV/at can relatively easily be reached, the ring containing the F atom breaks by evolving to a defect structure belonging to one of the above listed patterns A, B or C.
The metastability of a closed ring incorporating an F atom is a structural feature specific
for CF x and contrasting to the incorporation pattern for dopant atoms in CN x [4] , CP x [6] , and CS x [7] . In CN x , CP x , and CS x the corresponding dopant atoms are incorporated in stable pentagon, hexagon, heptagon and even tetragon (in the case of CP x ) rings and no large N-member (N = 8 -12) rings or branching events are observed. Thus, the CF x defect patterns set this material apart from the remaining C-based FL compounds studied theoretically (CN x [4] , CP x [6] , and CS x [7] ) and synthesized so far (CN x [1] , and CP x [2] ). The metastability of a ring incorporating an F atom predicted for CF x can be explained by the fact that any ring-incorporated F atom is bonded by single bonds to two adjacent C atoms that, in order to keep the graphene-like network structure, are necessarily further bonded to other carbon atoms. Such a bonding pattern for an F atom is not particularly stable due to its valence configuration and its extreme electronegativity (F being the most electronegative chemical element).
In general, the choice of our model systems is governed by the preference to discuss diversified variants of the same structural pattern exhibiting different kinds of defects.
For instance, the structure shown in Fig. 2-a2 , notable by the pure carbon pentagon, is larger than the one displayed in Fig. 2-a1 
Effects of F content on fullerene-like, amorphous and polymeric CF x
Similarly to other compounds belonging to the class of FL materials, where the C-X bond rotation (X = N, P, S) is an important factor for cross-linking between the graphene-like
sheets [4, 6, 7] , the C-F bond rotation (pattern C) in CF x also leads to cross-linking and inter-locking between the CF x graphene sheets. The branching of the model system (pattern B) in its variant represented by simple C atom chains, Fig. 2-b1 , implies polymeric structure (represented by relatively short and irregular chains), while in its variant represented by split graphene-like sheet, Fig. 2-b2 , directly points to inter-locking, i.e., to amorphousness of the CF x structure. Since the cohesive energy gain associated to the carbon chain structure in Fig. 2 -b1 is more than twice higher (0.363 eV/at) than that associated to split sheets/nano-ribbons in Fig. 2-b2 (0.161 eV/at), it is expected that the elements of polymeric structure become more noticeable as the F concentration increases.
This result is corroborated by the softer polymeric structure of the CF x films with F concentrations above ~25 at. % synthesized by others [14, 16, 17] , and in our group [18] .
Contrary to patterns B and C, the large N-member ring defect, assigned here as pattern A, only adds to the local curvature of the graphene-like sheet but does not bring any structural disorder or disruption to the graphene-like sheets. Thus, some of the structural patterns associated with F incorporation in CF x (B, C) promote amorphization of the compound with emphasis to elements of polymeric structure (B), while others (A)
contribute to conserving the integrity of the graphene-like network.
By considering the calculated gains in cohesive energy corresponding to patterns A, B, C, and D (see Table 1 ), the structural implications of these patterns, and also taking into account the F concentrations adopted for the studied model systems, conclusions can be drawn for the relation between the F concentration in a given CF x system and its predominating structure. For F concentrations ~10 at.%, which corresponds to approximately 1 F atom per each 10 C atoms, while some F atoms would induce defects pointing to amorphyzation of the CF x film, many of the incorporated F atoms will only increase the graphene-like sheet curvature thus inducing FL types of defects in the sense of Refs. [4, 6, 7] without radically disrupting the graphene-like CF x network. At lower F concentrations of ~ 3 -8 at. %, the CF x films are expected to be even more ordered and to exhibit a moderately cross-and interlocked FL structure similar to that of the wellstructured FL-CP x [6] . Such considerations for the degree of the "Fullerene-likeliness" of the CF x system will be only valid if two or more defects belonging to the patterns A-D could coexist in close vicinity to each other, conserving their structural integrity and without merging together. Contrarily, if such adjacent defects evolve toward merging, this would bring an additional amorphousness to the network, favoring almost certainly an amorphous structure even at concentrations of F atoms as low as ~5 at. %.
In order to test how stable the closely located defects are, we considered two model systems containing two, and three typical CF x structural patterns, respectively. In Fig. 3a and Fig. 3b , the left panels exhibit the model systems before relaxation, while the right panels show the corresponding optimized configurations. A comparison between the left and the right panels in Fig. 3 illustrates that closely located defect patterns in a CF x system tend to conserve their integrity and do not merge nor evolve toward amorphization. A typical value for the gain in E coh associated with a relaxed system containing two or more stable together (i.e., not merging) CF x defect patterns is, e.g.,
ΔE coh/at = 0.160 eV/at (Fig. 3b ). Such energy values are of similar order of magnitude to the gain in cohesive energy (Table 1 ) associated with the formation of some of the individual CF x structural patterns (e.g., the one displayed in Fig. 2-b2 ) confirming that multiple defects can co-exist in close vicinity without evolving to amorphous structure.
As reported in our previous work, the precursors with major impact during magnetron sputtered deposition of CF x films (in CF 4 /Ar atmosphere) are the CF, and the CF 2 radicals, the C 2 dimers, and to a lesser extent, the free C and F atoms, and the CF 3 radicals [18] .
The CF and CF 2 radicals playing a decisive role as precursors for magnetron sputtered CF x thin films are not only highly reactive due to their dangling bonds, but they contain the all important for the CF x structural patterns, C-F dimer/bond. This implies that the C-F bond is mostly incorporated in the film as a pre-existing dimer and not created during the precursor's bonding at the film edge. Such a mechanism of F incorporation facilitates the C-F bond rotation and further corroborates our point about the importance of the C-F bond rotation for the prevailing CF x defect patterns.
CONCLUSIONS
We addressed CF Table 1 .
TABLES
Description of the pattern Pattern Cohesive Energy Gain ΔE coh/at (eV/at) 9-member ring with C-F bond rotation (Fig. 2-a1 ) A 0.405 9-member ring with formation of pure carbon pentagon ( Fig. 2-a2 ) A 0.190
Branching -carbon chains (Fig. 2-b1 ) B 0.383 Branching -ribbon chains (sequence of hexagons) ( Fig. 2-b2) B 0.161
"Simple" C-F bond rotation -C belongs to a ring ( Fig. 2-c1 ) C 1.001
"Simple" C-F bond rotation -C attached externally to a ring ( Fig. 2-c2 ) C 0.296 F included in a ring ( Fig. 2-d 
